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Spontaneous activation of rhodopsin without light
absorption occurs at a much lower rate in rod
photoreceptors and insect rhabdoms than in cones.
The difference lies in the pigment molecules
themselves, and has implications for the design of
visual photoreceptors.
Visual photoreceptors measure light intensity by
counting photons. This requires that receptors should
transduce as large a proportion as possible of the
incident light, and minimize noise caused by variations
in responses to single photons or activity independent
of light. To meet these requirements photoreceptors
contain a visual pigment, rhodopsin, densely packed
in membrane structures. Vertebrates have stacked
membrane discs or lamellae, which form the outer
segments of rods and cones, whereas in arthropods
the photopigment is contained in microvilli that form
rhabdoms (Figure 1).
Despite their basic similarities, the anatomy and
physiology of photoreceptors varies substantially. For
example, cone outer segments of terrestrial
vertebrates are conical and short, ranging from
8–40 µm in length, whereas rod outer segments are
longer, typically 30–90 µm, and cylindrical. Arthropods
manage with a single type of receptor, and intrigu-
ingly, the length of the rhabdom is generally greater in
diurnal than nocturnal species, and can therefore
absorb a greater proportion of incident light. Some
dragonfly rhabdoms are about 1 mm long, 50 times
the length of most cone outer segments. 
Physiologically, response speeds of the different
types of receptor vary substantially. Whereas rod
responses to a single photon or brief flash last
several hundred milliseconds, light-adapted cone
responses last about 50 milliseconds, and insect
receptor responses last about 10 milliseconds [1].
This allows insects to see much more rapid flicker
than vertebrates are able to detect. Recent work
points to differences in the level of spontaneous
photon-like events, or ‘dark light’, as a key influence
on photoreceptor design, and suggests that verte-
brate phototransduction, and cones in particular,
suffer a flaw which has been avoided by arthropods.
The faintest flash of light that humans can distinguish
from total darkness contains five or fewer absorbed
photons [2,3], suggesting that this is the number
required to exceed spontaneous fluctuations in the
patch of rods pooling signals to each retinal ganglion
cell. Because spontaneous activity is indistinguishable
perceptually from real light, it was hypothesized that the
cause was activation of the photopigments themselves,
for example by thermal isomerization of retinal chro-
mophore from the 11-cis to the all-trans configuration,
that is normally trigged by absorption of a photon [2,4]. 
This hypothesis predicts that dark noise, and hence
absolute visual threshold, should rise with temperature,
and this is the case in amphibians [5,6]. But it does not
easily account for the fact that cones have a far higher
absolute threshold than rods. The level of dark noise in
human rods is equivalent to about 0.01 events per
receptor per second [7]; although estimates vary, the
absolute threshold of cones suggests that the noise
level is far higher, perhaps 3,000 times noisier than in
rods [2,7,8].
What is the source of noise that sets these absolute
thresholds, and why are cones so noisy? Rods and
cones in the tiger salamander that express the same
photopigment have very similar sensitivities and
response kinetics, despite their different ultrastructure
and transduction systems [9]. The implication that the
usual differences between rods and cones are
attributable to the pigments themselves was con-
firmed by Kefalov et al. [10], who expressed humans
and salamander long-wavelength (red) sensitive cone
photopigments in Xenopus rods, and human rod
pigment in Xenopus cones, but did not otherwise alter
the transduction pathways. They showed that altering
the pigment alone was sufficient to alter the noise
level (but not kinetics), and calculated that the rate of
spontaneous photoisomerization-like events in cone
pigments was over 10,000 times that for rod pigments.
If the cause of dark noise is indeed thermal
isomerization of the pigment, the implication is that the
energy barrier is lower in cone pigments. Rods and
cone photopigments have different spectral
sensitivities: the rod sensitivity maximum (λmax) is
about 500 nm, whereas the human red and green cone
pigment λmax values are at 535 nm and 560 nm,
respectively. Barlow [2,4] suggested that, if the thermal
energy barrier to spontaneous activation of photopig-
ment is dependent upon λmax, with longer wavelength
pigments requiring lower energies, this could account
for the difference in dark noise between rods and
cones. But this explanation did not convincingly
account for the magnitude of the difference between
rates of isomerization of rod and cone pigments.
Donner and colleagues [5,6] have now begun to
explain the biophysical basis for the differences in
photoreceptor noise. By taking account of the nature
of vibrational energy in retinal molecules, they show
how the rate of thermal isomerization can indeed be
related to λmax. But this effect does not explain the
difference between rods and cones. Instead, it seems
that cone pigments have a lower energy barrier for
thermal isomerization for other reasons. The authors
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[5] speculate that the chromophore pocket in the
opsin protein is ‘looser’, perhaps to allow rapid
responses or recovery from bleaching, which requires
dissociation of opsin and retinal followed by filling of
the opsin with reisomerized retinal.
The relationship between the thermal energy barrier
and cone pigment physiology remains uncertain.
Nonetheless there is a clear implication that cones are
trading thermal activation of the pigment against rapid
photopigment regeneration, to avoid excessive
bleaching and loss of sensitivity in intense daylight.
This new work should encourage further comparative
work on photoreceptor design. For instance, the low
rate of thermal isomerization in rods implies that they
can be long and absorb a large fraction of the light,
whereas the high thermal noise of cones means that
they should maximize light flux per pigment molecule.
This might account for cones being smaller than rods,
and it is possible that features such as the conical
shape, and the oil droplets that sit in front of the outer
segments of many vertebrate cones act to concen-
trate light [11] (Figure 1).
There is also an interesting comparison with
arthropods, which regenerate their photopigments by
light of a different wavelength from that which
activates phototransduction (this is why flies have red,
rather than black, eyes). Here, there is probably no
relationship between pigment regeneration and dark
noise. Thermal isomerization in arthropods is at least
as low as in rods [12,13]. This allows them to use a
single type of receptor that operates at low light
intensities and can produce fast responses [1]. Low
dark noise explains why diurnal insect photoreceptors
can be much longer than vertebrate cones. Another
difference possibly related to response speed is that
vertebrates turn off their activated photopigments
mainly by multiple phosphorylation through rhodopsin
kinases, whereas insects pigments can be shut down
directly by arrestin binding [14]. Lastly, recent work on
moths and glow worms [15,16] shows that these
nocturnal insects can see colour at light levels where
vertebrate cones are totally insensitive because their
light responses are swamped by dark-noise.
It is often remarked that insect compound eyes are
an optically inferior design to the camera type eyes of
vertebrates [17], and as far as we can tell this differ-
ence is simply one of historical fate. It may be that
phototransduction has likewise committed to different
solutions, but here it seems that insects and other
invertebrates have been lucky.
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Figure 1. Vertebrate and invertebrate
visual pigments respond in the same way
to light, but their pigment recovery paths
differ.
In vertebrate and invertebrate visual
pigments, the chromophore isomerizes
from 11-cis to the all-trans configuration,
which turns the rhodopsin molecule (R) into
its meta-state (M), leading to catalytic acti-
vation of the G protein (G) and the trans-
duction cascade. The activated rhodopsin
is rapidly deactivated by phosphorylation
(P) effected by rhodopsin kinase (RK) and
also by binding to arrestin (Arr). Differences
between vertebrates and invertebrates
occur when the bleached rhodopsin is to
be regenerated. In vertebrates, the all-trans
chromophore dissociates from the opsin,
and the chromophore is transferred to
other cells, where it is enzymatically recon-
verted to 11-cis configuration. Retinal
pigment cells (RPCs) reconvert the chro-
mophore for rods, whereas Müller cells
(MCs) serve the same function for cones
[18]. The enzymatic regeneration-pathways
are different in pigment cells and Müller
cells, using isomerohydrolase (IMH) and retinol isomerase (RI), respectively. The 11-cis chromophore is then transported back to rods and
cones, where it is incorporated into empty opsin molecules such that reconstituted visual pigment is generated. It is suggested [5] that
the dissociation and refilling of chromophore in opsin molecules is rate limited by properties of the binding pocket of rhodopsin. In cones,
which have to sustain rapid regeneration in strong daylight, a loose binding pocket is thought to explain the thermally unstable rhodopsin,
generating high rates of dark noise. Rods can afford the slow regeneration that comes with a thermally more stable and less noisy
rhodopsin, because they are used at much lower intensities. Invertebrates with rhabdomeric photoreceptors avoid the problem entirely
by a light-driven regeneration of visual pigment, where the chromophore never dissociates from the opsin.
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